ABSTRACT: The pericellular matrix (PCM) is a narrow tissue region surrounding chondrocytes in articular cartilage, which together with the enclosed cell(s) has been termed the "chondron." While the function of this region is not fully understood, it is hypothesized to have important biological and biomechanical functions. In this article, we review a number of studies that have investigated the structure, composition, mechanical properties, and biomechanical role of the chondrocyte PCM. This region has been shown to be rich in proteoglycans (e.g., aggrecan, hyaluronan, and decorin), collagen (types II, VI, and IX), and fibronectin, but is defined primarily by the presence of type VI collagen as compared to the extracellular matrix (ECM). Direct measures of PCM properties via micropipette aspiration of isolated chondrons have shown that the PCM has distinct mechanical properties as compared to the cell or ECM. A number of theoretical and experimental studies suggest that the PCM plays an important role in regulating the microenvironment of the chondrocyte. Parametric studies of cell-matrix interactions suggest that the presence of the PCM significantly affects the micromechanical environment of the chondrocyte in a zone-dependent manner. These findings provide support for a potential biomechanical function of the chondrocyte PCM, and furthermore, suggest that changes in the PCM and ECM properties that occur with osteoarthritis may significantly alter the stress-strain and fluid environments of the chondrocytes. An improved understanding of the structure and function of the PCM may provide new insights into the mechanisms that regulate chondrocyte physiology in health and disease.
INTRODUCTION
Articular cartilage is the connective tissue lining the surfaces of bones in diarthrodial joints, providing a low-friction load-bearing surface that allows joint movement. The extracellular matrix (ECM) of this tissue is maintained by a balance of anabolic and catabolic activities of a single type of cell-the chondrocytes-which are distributed sparsely throughout the tissue in adult cartilage. During normal activities of daily living, articular cartilage is exposed to significant mechanical loads and deformations due to joint loading. Deformation of the cartilage layer results in a complex mechanical environment that is characterized by time-and spatially varying stresses, strains, hydrostatic pressure, interstitial fluid flow, electrokinetic effects, and osmotic pressure. [1] [2] [3] [4] [5] At the cellular level, these biophysical factors, in conjunction with biochemical factors (e.g., growth factors, cytokines), play important roles in modulating the physiology of the chondrocytes, and as a consequence, the health of the joint. [6] [7] [8] [9] [10] Within the ECM, chondrocytes are surrounded singly or in groups by a narrow region of tissue termed the pericellular matrix (PCM), which together with the cell has been termed the chondron. [11] [12] [13] This distinct matrix compartment was originally termed the chondrone by Benninghoff, who identified a region of altered structure around chondrocytes, which he described as a "fluid filled bladder." 11 No direct research on the chondron was reported until the observation that a very small number of intact chondrons could be isolated as a by product of cartilage homogenization. 12 With refinement of this technique, the majority of work on the composition and metabolic activity of the chondron was reported in the pioneering work of Poole and co-workers. [14] [15] [16] [17] [18] More recently, the development of novel methods for enzymatic 19 or mechanical 20 isolation of intact chondrons have allowed a number of new biological and biomechanical assays for studying the properties and function of the PCM. These studies have provided further evidence that the PCM plays important roles in regulating the biomechanical, biophysical, and biochemical interactions between the cell and the ECM. In this article, we review a number of studies investigating the structure, composition, and mechanical properties of the PCM. Taken together, they provide important new insights into the potential function of this matrix compartment in articular cartilage.
STRUCTURE AND COMPOSITION OF THE PCM
The PCM is a narrow region of matrix immediately surrounding nearly all chondrocytes in adult articular cartilage, and is generally characterized as having a higher concentration of proteoglycans and a fine arrangement of collagen fibers as compared to the ECM (FIG. 1 ). An excellent review of the structure and composition of the chondron was reported by Poole. 21 Chondrons have been reported in a variety of shapes, consisting of columns containing multiple cells, spheroidal shapes, or oriented clusters of chondrons (FIG. 2) . 22 The size and structure of chondrons can change with age, site, species, and disease state. 17, 23, 24 For example, horizontally oriented clusters of multiple chondrons are observed in the superficial zone of human ankle, but not knee articular cartilage. 25 In osteoarthritis, the area of the chondron is greatly enlarged and the incidence of chondrocyte proliferation is increased. 17, 23 The PCM contains many of the same molecular constituents as the ECM, although there are some distinct differences in the structure and composition of these regions. This region has been shown to be rich in fibronectin, proteoglycans (e.g., aggrecan, hyaluronan, and decorin), and collagen (types II, VI, 74 with permission from Elsevier.) FIGURE 2. Immunofluorescent labeling of type VI collagen (top row) and threedimensional reconstructions (bottom row) of the chondron in thick sections of articular cartilage from the knee joint of skeletally mature pigs. 22 Significant variations in chondron size and shape were observed depending on the site within the tissue. and IX), 15, 16, 18 but is defined primarily by the presence of type VI collagen as compared to the ECM. 14 Many reports suggest that the cell and PCM are surrounded by a "felt-like" capsule, although this aspect of the structure may depend on the site of origin 13 or exist as a byproduct of homogenization since it does not appear in chondrons isolated by enzymatic digestion or microaspiration methods. 19, 20 Furthermore, enzymatically isolated chondrons exhibit differences in composition as compared to mechanically isolated chondrons as evidenced by the retention of aggrecan and types II and VI collagen in the PCM, but also by the loss of some specific constituents such as fibronectin and the chondroitin sulfate epitope labeled by the 7D4 antibody.
19

TYPE VI COLLAGEN AND THE PCM
Type VI collagen is a beaded filament consisting of three different polypeptide chains: ␣1 (140 kDa), ␣2 (130 kDa), and ␣3(∼200 kDa). These polypeptide chains, which contain a triple helical domain and an N-and C-terminus domains, are bundled together to form the monomeric unit of type VI collagen, which then forms dimers and tetramers as the basic unit of the beaded filamentous structure. It has been hypothesized that these molecules are secreted from the cells as monomers or higher-order multimers and become incorporated into the ECM. 26 Type VI collagen interacts with a number of ECM components such as biglycan, decorin, fibromodulin, hyaluronan, fibronectin, perlecan, and heparin but it also has low affinity with collagens I and II. [27] [28] [29] In normal articular cartilage collagen type VI is exclusively present in chondrons 13, 19, 26 ( see FIG. 2 ). It has been hypothesized that type VI collagen forms a network that appears to anchor the chondrocyte to the PCM. 29, 30 Biochemical analyses have shown upregulation of type VI collagen in osteoarthritic cartilage throughout the matrix. [31] [32] [33] However this increase is localized in the middle and deep zones, whereas the superficial zone shows reduced levels of type VI collagen. 31, 33 Several studies have demonstrated cell attachment to collagen VI through integrin receptors or through NG2, a chondroitin sulfate proteoglycan expressed in chondrocytes that is believed to be a cellular receptor for type VI collagen. 34 Thus, it has been hypothesized that type VI collagen is an important regulator of cellular interactions with various matrix proteins.
While type VI collagen appears to be the primary demarcation of the chondron, there is evidence for the presence of other molecules such as type IX collagen or laminin as molecular constituents of the PCM. 18, 21 Furthermore, recent studies have shown that knockout mice deficient in the gene for col6a1, which therefore lack collagen VI, still exhibit the formation of a PCM. 35 Therefore other molecules besides collagen VI may be responsible for maintaining the overall structure of the PCM.
BIOLOGICAL FUNCTIONS OF THE PCM
It is well accepted that the interactions between the chondrocyte and the ECM are of critical importance in regulating the development and maintenance of cartilage. For example, interactions between the cell surface and ECM components have a significant effect on proteoglycan metabolism, gene expression, and response to growth factors. [36] [37] [38] Because the PCM completely surrounds the chondrocyte, it is likely that any signals that the chondrocyte perceives, either biochemical or biophysical, are influenced by the PCM. Thus any direct interactions between cell surface receptors such as integrins and the tissue matrix are likely to occur at the level of the PCM. Furthermore, molecules that interact with the chondrocyte surface must pass through the pericellular environment. During their passage, soluble mediators such as growth factors may be modified or retained. 39 ECM molecules such as aggrecan may also be modified in this region, as part of the time-dependent maturation of the complex formation of aggrecan with hyaluronan. 40 Retention of the native PCM has been shown to significantly alter the metabolic activity of chondrocytes, 41 suggesting that the PCM may regulate the presentation of biochemical and biophysical factors to the cell and, therefore, play a biological role in controlling cell biosynthesis. Alterations in PCM structure or size, as may occur with aging or osteoarthritis, 17, 23, 42 may therefore have secondary effects on the cartilage ECM by altering diffusion times of matrix macromolecules as they pass in or out of the chondron.
BIOMECHANICAL FUNCTION OF THE PCM
In addition to the evidence supporting a biological function of the PCM, there has been considerable speculation that an additional function of the chondron is biomechanical in nature, 12 potentially providing a protective role for the chondrocytes during loading through an "adaptive water loss from PCM proteoglycans." 43 A number of early studies have also suggested that the chondron serves as a filter or transducer of mechanical signals, 44, 45 potentially through an interaction of type VI collagen with cell surface integrins or hyaluronan. [46] [47] [48] [49] These findings are supported by experimental data that show that the presence of a newly formed PCM augments the chondrocytes' metabolic response to static and cyclic loading. 50 Furthermore, mechanical compression alters proteoglycan deposition and matrix deformation around individual cells in cartilage explants. 51 Static compression of cartilage explants was found to stimulate site-directed deposition of proteoglycans in the PCM, superimposed on an overall inhibition of proteoglycan synthesis in the ECM. Conversely, pericellular deposition and overall proteoglycan synthesis was stimulated by dynamic compression. These findings suggest that cell-matrix interactions in the PCM may play an important role in the response of chondrocytes to mechanical compression, possibly by influencing macromolecular transport and local tissue strain around cells.
To examine specific hypotheses on the potential role of the PCM as a transducer of mechanical signals, several studies have developed theoretical models of cell-matrix interactions that incorporate the structure and properties of chondrocytes, the PCM, and the ECM. The primary goal of such approaches has been to characterize the stress-strain, fluid-flow, and osmotic environments of individual cells to provide further insights into the sequence of events through which mechanical loading of cartilaginous tissues is converted to an intracellular response. [52] [53] [54] [55] [56] [57] [58] In combination with direct measurements of PCM mechanical properties, these studies provide supporting evidence that the mechanical properties of the PCM, relative to those of the cell and ECM, may significantly influence the mechanical and physicochemical environment of the chondrocyte.
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The results of such theoretical predictions, however, are dependent on the assumed mechanical properties and geometry of the ECM, PCM, and chondrocyte. The mechanical properties of the cartilage ECM have been extensively characterized in various configurations. [62] [63] [64] [65] [66] Furthermore, the physical and mechanical properties of chondrocytes have also been determined using several techniques, including gel compression, 67 micropipette aspiration, [68] [69] [70] [71] and cytoindentation, 72 all showing the modulus of the cell to be on the order of ∼1-4 kPa.
More recently, the zonal variations in the mechanical properties of the PCM from normal and osteoarthritic cartilage were determined in a series of studies on enzymatically or mechanically isolated chondrons using the micropipette technique. 20, [73] [74] [75] With this technique, a small region on the surface of the PCM is aspirated into a small glass pipette by the application of a controlled pressure, and the ensuing deformation is recorded and quantified using video microscopy (FIG. 3) . In this manner, either the equilibrium or transient response of the PCM can be coupled with theoretical formulations of the experimental configuration to determine the elastic or viscoelastic properties of the PCM.
Using various model representations of the chondron such as an elastic half space 20, 75 or a biphasic ellipsoid, 73 this approach has been used to determine the Young's modulus, hydraulic permeability, and Poisson's ratio of the PCM from normal and osteoarthritic articular cartilage. The transient behavior of the PCM could be accurately described by a biphasic model, suggesting that the viscoelastic behavior of the PCM is likely due to flow-dependent effects, similar to that of the ECM. The Young's modulus of the PCM was reported to range from ∼40 to 70 kPa, approximately 1 order of magnitude less than that of the cartilage ECM, and significantly decreased by approximately 50% with osteoarthritis. The hydraulic permeability of the PCM was 1-2 orders of magnitude lower than that of the ECM, but was more than doubled with osteoarthritis. The Poisson's ratio of the PCM was similar for chondrons isolated from normal or osteoarthritic cartilage ( ∼ 0.04). These findings suggest that the PCM may undergo degenerative processes with osteoarthritis, similar to those occurring in the ECM. Interestingly, no differences were observed in any of these studies between the properties of the PCM of chondrons isolated from the surface zone as compared to those of the middle/deep zone. 20, 73, 75 These findings are in general agreement with other studies showing little deformation of mechanically isolated chondrons compressed within an agarose matrix, suggesting that the Young's modulus of the chondrons is greater than that of the agarose (25 kPa). 76 By combining direct experimental measurements of PCM properties with theoretical models of cell-matrix interactions, there is growing evidence that the PCM may play an important biomechanical role in cartilage. For example, a multiscale finite-element model was used to show that simply the presence of a PCM in articular cartilage dramatically changed the stress-strain and fluid-flow environments of the chondrocyte. 60 In a more refined model that accounted for the large zonal differences in ECM properties, it was found that the mismatch between the Young's moduli of PCM and ECM amplifies compressive strains at the cellular level from 15-70% and significantly reduces stress magnitudes in a zone-dependent manner. 59 Furthermore, the lower permeability of PCM FIGURE 3. Micropipette aspiration of an isolated chondron. Chondrons were isolated by microaspiration and suspended in a specially designed chamber on an inverted optical microscope. The flattened tip of a small glass micropipette was brought in contact with a chondron, and a series of pressure steps was applied to the PCM. The length of PCM aspiration versus applied pressure was used in combination with different theoretical analyses to determine the Young's modulus of the PCM. 20, 73 (From Alexopoulos et al., 73 ) relative to the ECM inhibited fluid flux near the cell by a factor of 30, suggesting that the PCM may have a significant influence on convective transport to and from the chondrocyte. The decreased modulus and increased permeability of both the PCM and ECM with osteoarthritis significantly altered the mechanical environment of the chondrocyte, leading to ∼70% higher compressive strains and 40% higher fluid flux near the cell (FIG. 4) . These findings are supported by an analytical model of a chondron subjected to cyclic loading, which suggested that the transmission of mechanical deformation to the cell is FIGURE 4. The effect of PCM on the local stress and strain environment of the cell determined using a finite-element model. The figure shows the relative magnitude of strain (top) and stress (bottom) in the cell, PCM, and ECM under compression. The presence of a PCM had a significant influence on the magnitude of stress or strain at the cellular level. The presence of a PCM decreases the magnitude of stress at the cellular level, whereas it amplifies the local strains. With osteoarthritis, the decrease in ECM and PCM stiffness results in significantly greater local strains in the tissue under the same loading conditions. (Adapted from Alexopoulos et al., 59 with permission from Elsevier.) directly dependent on the modulus and permeability of the PCM. 56 Together, these findings provide support for a potential biomechanical role for the chondrocyte PCM, and suggest that changes in the structure or properties of the PCM, as may occur with aging or osteoarthritis, may alter the stress-strain and fluid-flow environment of the chondrocytes and potentially chondrocyte metabolism.
PHYSICOCHEMICAL PROPERTIES OF THE CHONDRON
Several important characteristics of the biomechanical and physicochemical properties of articular cartilage are related to the transport of the interstitial water and ion phases in the tissue. 1 Due to the porous and permeable nature of collagen-proteoglycan matrix, mechanical compression of articular cartilage induces exudation of interstitial water, which leads to an increase in the apparent concentration of proteoglycans and thus, associated changes in interstitial ion concentrations. 77 These transient changes in the fixed-charge density and ion concentrations, and therefore the local osmolality, are believed to contribute to changes in cell shape and volume with tissue compression. 54, 55 Thus the physiology and pathology of the chondrocyte may be influenced by the mechano-chemical properties of the PCM. For example, the swelling response of chondrocytes within isolated chondrons in response to an osmotic challenge depends on the method used to isolate the chondrons (i.e., mechanical homogenization versus enzymatic isolation). 78 Furthermore, disruption of the collagen network in osteoarthritis leads to increased water content of the tissue and loss of proteoglycans, 6 and a corresponding decrease in the pericellular osmolality. 79 Thus, a further understanding of the mechano-chemical properties of the PCM will be of great value in determining the relative influence and interactions of mechanical, electrical, and chemical stimuli in regulating chondrocyte activity. In this regard, a recent study has developed a detailed theoretical mechano-chemical model to describe the passive equilibrium response of an isolated chondron under osmotic loading. 61 In this model, the chondrocyte is represented as an ideal osmometer 80 and the PCM model is formulated using triphasic mixture theory that represents the tissue as a continuum mixture of solid, fluid, and ionic phases. 1, 81 For the case of a neo-Hookean PCM constitutive law, the model was used to conduct a parametric analysis of cell and chondron deformation under hyper-and hypo-osmotic loading. In particular, model predictions indicated that the passive volumetric swelling response of the chondrocyte under hypo-osmotic loading was significantly diminished, relative to its ideal response in free solution, when the cell is encapsulated by a triphasic PCM. Furthermore, the magnitude of cell swelling was predicted to be highly sensitive to pericellular fixed charge densities that were between roughly 1 to 5 times the reported values for cartilage ECM. These findings suggest that PCM mechanical and chemical properties will have a significant effect on the swelling behavior and osmotic environment of a chondrocyte. In other studies, a similar model has shown that the physicochemical properties of the PCM will significantly affect the electrical, chemical, and mechanical fields around a chondrocyte during compression of articular cartilage. 82 The combination of such theoretical models with various experimental measures on isolated chondrons will aid in determining additional properties of the PCM, such as the tissue-fixed charge density and its relative contribution to PCM mechanical properties.
CONCLUSIONS
These findings provide further support for a potential biomechanical role for the chondrocyte PCM, and furthermore, suggest that changes in the PCM and ECM properties that occur with osteoarthritis may significantly alter the stress-strain and fluid environments of the chondrocytes. While this article focused on the PCM of articular chondrocytes, recent data suggest that other cartilaginous tissues, such as the knee meniscus or intervertebral disc, contain a similar structure surrounding the cells. 83 An improved understanding of the structure and function of the PCM may provide new insights into the mechanisms that regulate chondrocyte physiology in health and disease.
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